To assess interannual variability, we define anomaly fields as deviations from the 1 monthly mean climatology. We remove the decadal variability using an eight-year running 2 mean filter on a basis of spectrum analysis, because we focus on the interannual variation 3 of the SST MDR rather than its decadal variability. Fig. 4 shows the time series of the monthly 4 SST MDR anomalies and their probality density funcitions. We can find that the number of 5 warm month beyond 0.6ºC increases in the 50 years relative to the Control run. This feature 6 is more clarified by the monthly standard deviations of the interannual anomalies of the 7 SST MDR (Fig. 5) . The Control run with CM2.5 can reasonably capture the seasonal 8 phase-locking of the standard deviation of the SST MDR in observation: the SST MDR variance 9 develops from early boreal winter, reachs a maximum in boreal spring, and decays abruptly 10 in boreal summer, although the standard deviation in boreal spring-fall in the Control run is 11 overestimated relative to the recent 50-years observarion (Fig. 5b) . This model bias is 12 mainly due to the western region of MDR, where the variabiliby is strongly influenced by 13 the complicated topography and oceanic eddy activity. Doi et al (2012) showed that the 14 interannual variation over the western region of MDR is highly simulated with CM2.5. 15
Interestingly, we find that the maximum peak in variability in the CO 2 doubling 16 run appears in May, which is two months later than that in the Control run (Fig. 5a ). The 17 maximum difference in interannual variability between the CO 2 doubling run and the 18
Control run appears in May-July. The interannual variation of the SST MDR in May-July is 19 25% stronger in the CO 2 doubling run relative to the Control run. F-test of the ratio of 20 variances established the 95% statistical significance of the difference between the standard 1 deviations of the two runs in May-July. The separation of 2×CO 2 response of the other 2 50-years mean standard deviations from the full years of the Control run suggests that the 3 enhancement of the interannual variations due to CO 2 doubling during early boreal summer 4 is robust relative to the natural variability exhibited by the available Control run outputs, 5 although the Control run varies to some extent. The natural variability of the interannual 6 variations of the SST MDR in the Control run is very interesting, but it is beyond the scope of 7 this paper. The two month shift in the maximim peak due to CO 2 doubling might be a part 8 of the natural variability (Fig. 5a) . Threfore, the enhancement of the interannual variations 9 due to CO 2 doubling during early boreal summer is the focus in this manuscript. Note that 10 we also investigated the CO 2 doubling response of GFDL-CM2.1 for 300-year integration. 11
We compared the last 100 years of the CO 2 doubling experiment with the pre-industrial 12
Control run with CM2.1. That also shows the 40% enhancement of the year-to-year SST 13 variation over the MDR in May-July due to CO2 doubling. This result could support our 14 results with CM2.5 although CM2.1 has a bias of boreal summer decay of year-to-year SST 15 variation over the MDR (Doi et al. 2012) . 16 We explore a composite analysis to help understanding the mechanism of the 17 response to CO 2 doubling of the interannual variations of the SST MDR . We construct a 18 composite by averaging, based on selecting warm SST MDR years, when the SST MDR anomaly 19 exceeds one standard deviation in month of the maximum peak. The details are shown in 20 Table 1 . 1
In the warm SST MDR year composite, the SST MDR anomaly in the Control run is 2 0.42ºC in the maximum peak month of March-May, while the SST MDR anomaly in the CO 2 3 doubling run is 0.55ºC in the maximum peak month of May-July. The maximum difference 4 in the SST MDR anomaly between the Control run and the CO 2 doubling run is found in 5 May-July, when the SST MDR anomaly warms by about 0.2°C in the CO 2 doubling run 6 relative to the Control run (Fig. 6 ). The warm SST MDR anomaly in the CO 2 doubling run is 7 significantly enhanced by 60% in May-July relative to the Control run. 8
Interestingly, observations indicate that such an enhancement of interannual 9 variability may be present in the historical record ( Fig. 5b and 6a ). The Hadley Center SST 10 (HadISST; Rayner et al. 2003 ) and the Extended Reconstructed SST version 3 (ERSSTv3b; 11 Smith et al. 2008) shows 10-25% enhancement of interannual SST MDR variability in 12
April-June in a warmer climate of the recent 50 years relative to the early 50 13 years (1881-1930) (Fig. 5b) . Also, the warm SST MDR years composite field from the 14
HadISST data shows that the SST MDR anomaly is warmer by about 0.15°C in a warmer 15 climate of the recent 50 years relative to the early 50 years (Fig. 6a) . However, the extent to 16 which this observed change is due to radiative forcing or internal variability remains to be 17
determined. 18
To explore the mechanism behind the change in interannual variability, we 19 calculated the diagnostic bulk mixed-layer heat budget over the MDR; 20 13 .
(1) 1
Here, T mix is the mixed-layer temperature, a proxy for SST, ρ is the typical sea water 2 density (1025 kg m -3 ), C p is the typical heat capacity of the sea water (3996 J kg -1 K -1 ), and 3 H mix is the mixed-layer depth, which is calculated monthly as the depth at which the 4 potential density becomes 0.125 kg m -3 larger than the surface density, as used by Levitus 5 (1982) . The quantity Q denotes the net surface enthalpy flux (including shortwave radiation, 6 longwave radiation, latent heat flux, and sensible heat flux), and q sw is the downward solar 7 insolation that penetrates below the bottom of the mixed-layer. Thus, the first term on the 8 right hand side, , represents the influence of net energy flux on the mixed-layer heat 9 budget, which is referred as "the surface enthalpy flux contribution" hereafter. Note that 10 "the surface enthalpy flux contribution" is different from Q: "the net surface enthalpy flux". 11
The ocean dynamical contribution is simply estimated by difference between rate of change 12 of the mixed-layer temperature and the surface enthalpy flux contribution. 13
In the Control run, the warming tendency of the SST MDR during boreal spring is 14 mainly due to the surface enthalpy flux contribution until April, when the warm SST MDR 15 starts to decay (Fig. 7a) . Meanwhile, in the CO 2 doubling run, the warm SST MDR anomalies 16 still keep warming until June (Figs. 7b) . The maximum difference of the warming tendency 17 between the Control run and the CO 2 doubling run is found in May, arising mainly from 18 differences in the surface enthalpy flux contribution (Fig. 7c) . We note that interannual The dominance of this mechanism in the growth of anomalies has been discussed in 16 previous work (Carton et al. 1996; Chang et al. 1997; Xie 1999; Mahajan et al. 2010) . Also, 17 Doi et al. (2012) show that the WES feedback is reasonably captured in the Control run of 18
CM2.5. 19
The siginificant difference in the surface enthalpy flux anomalies between the 20 Control run and the CO 2 doubling run is found in May, which is due to latent heat flux, 1 primarily the wind-induced component (Figs. 7c and f). We also note the shortwave 2 contribution in May, although it does not show principal difference between the Control 3 run and the CO 2 doubling run. In the Control run, both latent heat and shortwave radiative 4 flux anomalies are important for driving the cooling tendency in May (Fig. 7d) . The 5 shortwave cooling arises mainly from increased cloud amount tied to the enhanced 6 convection that follows the warm SST anomalies. In the CO 2 doubling run, the shortwave 7 radiation anomalies are very similar to those in the Control run. 8
The difference in wind-induced latent heat flux anomalies between the Control 9 run and the CO 2 doubling run can be written as ( ), where Q LH 10 is latent heat flux, and is the composite anomaly of the surface wind speed in 11 the CO 2 doubling run and the Control run respectively. is simply estimated by the 12 climatology of lantent heat flux diveded by the climatology of surfae wind speed. A negative value shows that warm SST anomalies are associated with weak wind speed 6 anomalies, which suggests the WES coupling. In boreal summer, the slope in the CO 2 7 doubling run is -0.37 m s -1 per °C, which is about twice of -0.17 m s -1 per °C in the Control 8 run. It shows that the coupling between the SST variations and the wind speed variations is 9 stronger in the CO 2 doubling run in boreal summer relative to the Control run. Therefore, 10 we can conclude that there is an associated increase in the interannual variability of winds 11 and wind-induced latent heat fluxes due to CO 2 doubling, much likes the SST. Note that the 12 cold SST MDR years can be explained by using similar mechanisms of opposite sign to the 13 warm years (figures not shown) 14
Finally in this section, we estimate likely impacts on the Atlantic Hurricane 15 activity and the rainfall field by the change in the characteristic of the interannual 16 variability over the MDR. Table 2 gives Atlantic Hurricane counts estimated by the 17 Atlantic Hurricane statistical-dynamical prediction model developed by Vecchi et al (2011) , 18 using the methodology of Villarini et al. (2011; 2012) . This Atlantic hurricane model is 19 based on the Poisson regression model in which the rate of occurrence is a linear function 20 of two climate predictors: the SST MDR and SST averaged over the global tropics. Mean 1 Atlantic Hurricane count decreases by 10% in the CO 2 doubling run relative to the Control 2 run. In warm SST MDR year composite, the Atlantic Hurricane count increases in observation, 3 which is also consistent with Kossin and Vimont (2007) . The Control run shows that the 4 Atlantic Hurricane count significantly increases by about 30% in warm SST MDR year 5 relative to the mean count, while the CO 2 doubling run shows that the Hurricane count 6 significantly increases in warm SST MDR year by about 45% relative to the mean count. 7
Interestingly, the increase of Hurricane count in warm SST MDR years is enhanced by 20% in 8 the CO 2 doubling run relative to the Control run, even though the mean count shows 9 reduction in the CO 2 doubling run. This enhancement of the interannual variation of 10 Atlantic Hurricane count is consistent with the large interannual variability of the SST MDR in 11 boreal early summer in the CO 2 doubling run. Also, the warm SST MDR anomalies in boreal 12 early summer in the CO 2 doubling run are associated with the northward migration of the 13 ITCZ: more rainfall over 5°-10°N and less rainfall over 5°N-5°S and South America (Fig.  14   6c) . 15 The amplitude of the annual cycle of the SST MDR is not significantly changed due 9 to CO 2 doubling. However, we find a significant change of the interannual variations: the 10 maximum peak of the interannual variations of the SST MDR in the CO 2 doubling run moves 11 from boreal spring to early boreal summer, at which time it is about 25% stronger relative 12 to the Control run. Although the shift in the maximim peak due to CO 2 doubling might be 13 the natural variability, the enhancement of the interannual variations due to CO 2 doubling 14 during early boreal summer is robust and statistically significant in these two runs. The enhancement of the interannual variability of the SST MDR in boreal early 2 summer due to CO 2 doubling could lead to the enhanced year-to-year variations of Atlantic 3
Hurricane count (Table 2 ) and drought (or flood) in the South American and Sahel region 4 (Fig. 6c) , which might be a factor of severe damage in the surrounding contiries. Therefore, 5
we should pay more attention to this enhancement of the interannual variability of the 6 SST MDR in a warmer climate, although most previous work has mainly focused on the future 7 climate change of the annual mean SST and relatively less attention has been paid to 8 response of the interannual variations. 9
The ultimate cause for the response to CO 2 doubling of the interannual 10 modulation of the meridional migration of the ITCZ and the WES feedback is still open to 11 debate. We showed that the effectiveness of the WES feedback in early boreal summer is 12 stronger in the CO 2 doubling run relative to the Control run. The difference in wind speed 13 anomalies between the CO 2 doubling and the Control run is important for the interannual 14 SST variations in the northern tropical Atlantic. Also, the coupling between the SST 15 variations and the wind speed variations is stronger in the CO 2 doubling run during boreal 16 summer. Since the WES feedback depends on the mean state circulation (e.g. Vimont et al. 17 2009) and the cross-equatorial SST gradient (e.g. Xie and Carton 2004) , the long-lasting 18 interannual WES feedback in a warmer climate may be related to the annual mean changes 19 of the wind and the SST field. As shown in Fig. 2 , we found that the weak trade winds in 20 the tropical Atlantic and the strong warming of the northern tropical Atlantic SST due to 1 CO 2 doubling. The enhancement of the cross-ITCZ meridional SST gradient in boreal 2 spring-summer leads to the northward migraion of the ITCZ. Those responses of the mean 3 SST, wind, and precipitation to CO 2 doubling seem to be coupled via a positive WES 4 feedback. This hemispheric asymmetric response of the mean state associated with the 5 WES feedback due to the global warming is also shown in other climate models (Xie et al. 6 2011) . This hemispheric asymmetric response of the mean state in boreal spring-summer 7 might suggest an enhancement in effectiveness of a WES feedback, which may lead to the 8 large year-to-year variations around the annual mean. Further sensitive experiments with a 9 coupled GCM are necessary to understand the mechanism of the change of the WES 10 feedback's effectiveness due to CO 2 doubling. Also, the difference in the wind anomalies 11 over the MDR between the CO 2 doubling and the Control run seems to be significantly 12 related to the zonal wind in the eastern Pacific in 5°-10°N (figure not shown). Previous 13 work showed that strong ENSO events in the Pacific can partly lead to the warm SST in the 14 northern tropical Atlantic (see Xie shading denotes weak (strong) anomalies above 90% significance. 8 9
